Abstract. Greenhouse tomato (Lycopersicum esculentum Mill.) producers are urged to reduce their environmental footprint. Here, the suitability of biochar produced from tomato crop green waste as a substrate for soilless, hydroponic tomato production was evaluated. Substrates containing different combinations of biochar (BC) and pine (Pinus radiata D. Don) sawdust (SD) were produced (BC0-SD100, BC25-SD75, BC50-SD50, BC75-SD25, and BC100-SD0) and characterized. The effect of these substrates on tomato growth, yield, and fruit quality was studied. Most of the measured properties of substrates containing biochar were suited to use as a soilless substrate. The electrical conductivity (EC) of substrates containing biochar was initially high (>4.6 mS · cm L1 ), but was easily reduced to <0.5 mS · cm L1 by rinsing with water before use. The pH of substrates containing biochar was higher than is considered acceptable for tomato production (7.5-9.3) but did not significantly (P < 0.05) affect any plant growth, yield, and fruit quality indicators measured compared with those of plants grown in pine sawdust. The results support the concept of creating a closed loop system whereby biochar produced from tomato crop green waste is used as a substrate for soilless, hydroponic tomato production, providing a sustainable means to support the growth of high-value food crops.
Food producers currently face considerable financial challenges related to rising energy and input costs. In particular, those foodstuffs produced indoors under glass, or in other protected environments (e.g., polytunnels) accounts for more than 650,000 ha of food growing land area (ISHS, 2012 ), yet are subject to unique and significant challenges. For example, the sustainable disposal of crop waste is recognized as a major challenge, particularly for indoor-produced crops (Urrestarazu et al., 2003) . This includes polypropylene string, used growing substrate, crop green waste, and considerable quantities of plastic arising from ubiquitous use of substrate containers and crop slabs. Glasshouse growers additionally face considerable pressure from retailers and consumers to better manage energy, inputs, and waste to improve the environmental footprint of glasshouse production (Nederhoff and Houter, 2007) . As a result of these economic and environmental challenges, there is a strong need for the sector to reduce its reliance on fossil fuels, and become more innovative and efficient in terms of input usage and waste management. Such questions represent huge challenges for modern food production, which must adapt to the needs of a rapidly growing global population (Godfray et al., 2010) .
A key factor contributing to the increased yields obtained from soilless production, as opposed to soil-based production, is the opportunity to select substrate materials that optimize and support plant growth (Raviv et al., 2002) . There is a constant search for new materials that 1) have more suitable properties for plant growth, 2) are easier to obtain, handle, and dispose of, 3) are more cost-effective, and 4) originate from readily recyclable waste materials (Allaire et al., 2004 (Allaire et al., , 2005 . Equally, there is growing interest in the use of suitable locally sourced materials to minimize the environmental impact and economic costs associated with transport (Neocleous and Polycarpou, 2010) .
The use of biochar [charcoal-like material produced by heating biomass in the absence of oxygen (O 2 )] produced from glasshouse crop green waste as a substrate for soilless, hydroponic plant production could provide growers with a cost-effective and environmentally responsible green-waste disposal method, and supplement substrate, fertilizer and energy requirements. Although the use of carbonized materials as soilless substrates is currently not common in commercial practice, carbonized rice hulls have been used in Japan for more than 40 years, and in Brazil since the early 1980s (Ikeda, 1985; K€ ampf and Jung, 1991) . Other carbonized organic materials that have been studied for use either on their own, or more commonly as a substrate component include rice straw, sawdust, coco coir, wheat straw, malt grains from brewery waste, coffee husks, citrus wood, and forestry residues (Canizares et al., 2002; Dumroese et al., 2011; Graber et al., 2010; Guerrini and Trigueiro, 2004; Nishimura et al., 2009; Pires et al., 2009) .
Those few initial studies to date generally indicate that the performance of plants grown in substrates containing, or consisting entirely of carbonized materials is generally comparable or better than those grown in more commonly used substrates (K€ ampf and Jung, 1991; Lee et al., 1999; Ruifen et al., 1991) , although negative effects on plant performance have also been reported (Carrijo et al., 2004; Inden and Torres, 2004) . There is very little published information regarding the effect of soilless substrates containing, or consisting entirely of carbonized biomass on plant nutrient status, although there are some indications that such substrates may have an effect on nutrient content (Peyvast et al., 2010) . Moreover, when added in small quantities (1-3% w/w) to a fertigated, soilless substrate, biochar has been shown improved the growth of tomato, and growth and yield of pepper ) and a less incidence of necrotrophic and biotrophic foliar pathogens has been observed .
The aim of this study was to compare the performance of tomato crop green-waste biochar as a soilless substrate for hydroponic tomato production with an existing, commercially acceptable substrate material, pine sawdust. Mixtures of biochar and sawdust at different ratios were also studied to identify the likeliness of any dose effect related to the use of biochar as a substrate. Our hypotheses were that 1) the chemical and physical properties of substrates containing, or consisting entirely of, biochar produced from tomato crop green waste will be suitable for hydroponic tomato production, 2) the growth, yield, and fruit quality of tomato plants grown in substrates containing, or consisting entirely of, biochar produced from tomato crop green waste will not be significantly different from those grown in pine sawdust. Enhancing our understanding of the possibilities for introducing sustainable high-value food crop media substrates could provide a valuable step forward in global food production.
Materials and Methods
Production of biochar from tomato crop green waste. Tomato crop green waste, consisting primarily of vines removed at the conclusion of a typical production season, was obtained from a commercial greenhouse cherry tomato grower in the Manawatu area (North Island, New Zealand). Our green waste also contained the stem clips and string used to train tomato vines during the production cycle, which accounted for 7.5% of green-waste dry weight. No attempts were made to remove the polypropylene stem clips and string used to train tomato vines during the production cycle as this would be impractical in a commercial situation. According to the International Biochar Initiative Guidelines (IBI, 2012) , feedstock used for biochar production cannot contain >2% contaminants (e.g., fossil-fuel derived products) on a dry weight basis. The amount of contaminants present in our feedstock thus exceeded that established in the abovementioned guidelines. To compensate for this, incorporation of another form of biomass, such as sawdust, into the feedstock could be applied to dilute the mass of stem clips in the feedstock <2% in the future. A prior study showed the almost complete thermal decomposition (to 0.5% of the total tomato biochar mass) of the stem clips and string in the absence of O 2 when the temperature of the kiln reached 450°C. A final heating temperature of 550°C was chosen for the production of biochar for this study, as this higher pyrolysis temperature 1) minimizes the likelihood of contamination of biochar from stem clips and string contained in the green waste, 2) reduces the risk of nitrogen (N)-immobilization [e.g., low fraction of labile carbon (C)], and 3) had superior wettability characteristics as compared with a biochar produced at a lower temperature.
The green waste was first air dried and then pyrolyzed in two batches using a wood-fired, twin kilned, static bed retort pyrolyzer with a total kiln capacity of 2 m 3 . The temperature of the kiln was controlled by stoking the fire to increase temperature, and flaring off syngas from the retort system to maintain or decrease temperature. There was a considerable variation in the temperatures achieved within this kiln during the pyrolysis of the second batch (ranging from 440 to 550°C). Once produced, the biochar was roughly graded by forcing it through an 8-mm sieve. Following this the two batches were thoroughly mixed together.
Preparation of substrates. Substrates were prepared consisting of biochar, sawdust, or mixtures of the two materials. Sawdust was sieved, as for biochar, through an 8-mm sieve. The following biochar (BC)-sawdust (SD) mixed substrates were prepared on a dry weight (w/w) basis: 1) BC0-SD100, 2) BC25-SD75, 3) BC50-SD50, 4) BC75-SD25, and 5) BC100-SD0-the number following BC or SD indicates the percentage of biochar or sawdust in the substrate. The 11-L module bags were filled with the equivalent fresh weight of prepared substrates.
Once filled, the substrate modules were pretreated to overcome any water repellence and reduce soluble salt content. This involved filling the substrate modules with tap water. The modules were then allowed to soak for 48 h. After this period, the substrate modules were allowed to drain thoroughly for 8 h. Following this the modules were continuously irrigated with tap water for 48 h via a drip irrigation system, with EC of the drainage water checked periodically. After 48 h of leaching, the EC of the drainage solution from the BC100-SD0 modules, which had the highest EC of all substrates, was 0.5 mS · cm -1
. At this point, the substrate modules were fertigated (Tables 1 and 2 ) and allowed to drain thoroughly before transplanting seedlings.
Biochar characterization. Total C (C total ), total N (N total ), and total hydrogen (H) content were determined using a CHNOS elemental analyser (Vario Macro Cube, Hanau, Germany). Ash content was determined by thermogravimetric analysis (SDT Q600; TA Instruments, Melbourne, Australia) following the method of Calvelo Pereira et al. (2011) . Inorganic C was determined following the method of Bundy and Bremner (1972) . The pH was measured following the method of Ahmedna et al. (1997) in a suspension of oven-dried, ground biochar in deionized water (ratio of 1:100; w/w). Calcium carbonate equivalent (CaCO 3 eq.) was determined by a modified version of the rapid titration method (Piper, 1950) . Wettability was determined using the water drop penetration time test (WDPTT) according to the method of Letey (1969) . Cation exchange capacity was measured following a modified version of the method of Matsue and Wada (1985) using 0.01 M strontium chloride. Formic acid-extractable phosphorous (FA-P) was used to indicate plant available phosphorus (P) in biochar following the methodology described by Wang et al. (2012) .
Substrate characterization. Air-filled porosity (AFP) and water-holding capacity (WHC) of the substrates were measured using a modified version of the Australian Standards method for potting mixes (AS 3743-2003; appendix B) (Australian Standards International, 2003) . The modification consisted in soaking the substrate material in water for a period of 5 d before measuring AFP and WHC to ensure thorough wetting, given the water repellence of the biochar. Wettability was determined using the WDPTT according to the method of Letey (1969) . This method was modified in that substrates were not passed through a sieve before measurement as this would have altered the proportions of sawdust and biochar in the mixed substrates. To measure pH and EC, samples of all substrates were oven dried at 70°C until a constant mass was obtained. Following this, 5 g of sample was added to 50 mL of deionized water and shaken for 30 min with an end-over-end shaker. The samples were then left in a refrigerator at 4°C for 24 h and subsequently shaken on the end-over-end shaker for a further 30 min. Samples were then filtered with Whatman no. 42, ashless filter paper, and pH and EC of the water extract were measured. The pH and EC of substrate samples were also measured after being leached with tap water to assess the effects that this would have on these properties following the same procedure as for the unleached samples.
Growth trial. One hundred tomato (cv. Alboran RZ, Rijk Zwann, NL) seeds were sown, germinated, and grown in ''rockwool'' . Plants were grown in these modules for 110 d at which point they were destructively harvested. The number of fruit trusses per vine was not manipulated but all multiple trusses were pruned to a single fruit truss. All plants were pruned to a single leader but vines were not decapitated. Plants were grown using a standard run to waste hydroponic system. Fertigation (fertilizer and irrigation) was applied through a drip irrigation system using one 2 L · h -1 dripper per plant (two per substrate module). A two part stock nutrient solution was injected directly into fertigation system using two water powered nonelectric chemical injectors (DI 16; Dosatron International S. A., Bordeux, France). The EC of fertigation solution was monitored every few days and the chemical injector adjusted to maintain an EC of 2.2 mS · cm -1 in the early stages of growth and an EC of 3.1-3.5 mS · cm -1 during the later stages. From 39 d after transplant until the end of the trial pH was managed by adding a third chemical injector (DI 16; Dosatron International S. A.), which injected a diluted orthophosphoric acid solution. The pH of fertigation solution was monitored every few days and the chemical injector adjusted to maintain pH at 5.4-6.0.
Plant measurements and analyses. The maximum length and width of the terminal leaflet of the third true leaf of each plant were measured every second day for the first 26 d after transplant. Stem diameter was measured flush with the rockwool starter cube at the same time. Plant height, from the top of the rockwool starter cube to the top of the main stem, was also measured. Relative growth rate (RGR) (mm · mm
) for leaf length, leaf width, stem diameter, and plant height were calculated from this data for each period between measurements and as an average for the total period that measurements were taken. One young, fully expanded leaflet was harvested from the seventh leaf below the apical shoot of each plant 41 d after transplant. These leaves were oven dried at 60°C until a constant mass was obtained. They were then ground using a sample mill and stored in a desiccator until nutrient content analysis was conducted. Kjeldahl digestion of leaf tissue samples was conducted. Subsequently, N and P content of the digest were determined by colorimetry using an autoanalyser (Technicon AutoAnalyzer II; Technicon Instruments Corporation, New York) following the alkaline phenol method for N, and the vandomolybdate method for P (AOAC, 1975; Scheiner, 1976) . Leaf tissue samples were also digested with concentrated nitric acid (65%, AR) and potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), and copper (Cu) content of the digest determined by AAS (Avanta S; GBC Scientific Equipment, Dandenong, Australia).
One hundred and ten days after seedlings were transplanted into the substrate modules, and after all red and green fruit had been removed, all plants were destructively harvested. Stem diameter was measured flush with the top of the rockwool starter block before harvesting. Plants were cut level with the top of the rockwool starter block and the length of the main vine stem was measured. Following this, fresh weight of all shoot material was determined. Root material could not be separated from the module blocks for mass quantification.
During the trial period, fruit was harvested individually on reaching the red stage of ripeness (i.e., 90% of the fruit surface was red in color). Fruit were weighed and fruit number was recorded. Immediately, before plants being destructively harvested, all fruit were harvested, weighed, and fruit number recorded. Fruit at the light red or red stage of ripeness, according to the U.S. Department of Agriculture fruit color classification, were recorded as ripe fruit, and all fruit not yet at the light red stage of ripeness were recorded as green fruit. Total soluble solids (TSS) content of the first ripe fruit harvested from each truss was measured with a refractometer (N-20; ATAGO Co., INC, Tokyo, Japan). When multiple fruit were harvested from a single truss at one time the TSS content of the fruit closest to the main stem end of the truss was measured. Incidence of blossom end rot (BER) and fruit deformities were recorded for all plants.
Substrate module analysis. Volumetric water content (VWC) of the substrate modules was measured four times during the last 3 weeks of the main growth trial using time domain reflectometry (TDR). Probes of 15 cm attached to a portable TDR instrument (Mini Trase; Soil Moisture Equipment Corp., Santa Barbara, CA) were inserted horizontally into the side of each substrate module at the horizontal and vertical midpoint and VWC recorded. Each time, VWC was measured once all substrate modules had ceased draining postfertigation. However, VWC was measured at different times of day and at varying intervals after fertigation. Substrate solution was extracted directly from the substrate modules on the day that seedlings were transplanted, and 7, 14, 21, 35, 69, and 110 d after transplant following a modified version of the method used by Komosa et al. (2009) . The extraction was conducted using a 100-mL syringe with a 100-mm needle attached after all substrate modules had finished draining following fertigation. The syringe was inserted into the side of each module at four evenly spaced points along the vertical midpoint. About 5 mL was extracted at each point giving a complete extraction volume of 20 mL per substrate module. The pH and EC of this substrate module extract were measured. On two occasions during the trial (14 and 69 d after transplant) the solution extraction volume was increased to 60 mL per substrate module. About 35 mL of this extract was filtered by vacuum pump through a 0.45-micron cellulose nitrate membrane filter and frozen until nutrient concentration analysis of the substrate solution was conducted. Concentration of NO 3 -N, and dissolved inorganic P (DIP) was determined by colorimetry using autoanalysers following the automated hydrazine reduction method for N and the phosphomolybdate complex method for P (John, 1970; Keith, 1992; Murphy and Riley, 1962) . K, Ca, Mg, and Fe were determined by AAS.
Statistical analysis. Analysis of variance and Tukey's multiple range test using Minitab 16 statistical software (Minitab Inc., PA) were used to determine significant differences between treatment groups at P < 0.05.
Results

Biochar characterization
As indicated in Materials and Methods, the biochar used in this trial was produced from two batches and these were characterized separately before being mixed for its use as substrate. During the second run, the targeted temperature of 550°C was not uniformly reached and a range of 440 to 550°C was recorded within the twin retorts. In spite of this and with some exceptions, the physicochemical properties of the two batches were alike (Table 3) , with a yield 13.35 Biochar 1 = biochar first batch; Biochar 2 = biochar second batch; VM = volatile matter; WDPT = water drop penetration time test; CEC = cation exchange capacity; CaCO 3 eq = liming equivalence; FA-P = P extractable with 2% formic acid. z Analyses carried out on a biochar produced in a laboratory kiln (as described in Calvelo Pereira et al., 2011) at a highest heating temperature of 550°C as in the 2 m 3 kiln due to lack of enough sample (biochar C and N content were alike with both kilns).
defined as the mass ratio of biochar recorded after pyrolysis and that of the initial feedstock of 38%, a C total and N total contents of 55% and 1.6%, respectively, and a pH 10.4. Slight differences were detected in EC (3.3 and 3.0 mS · cm -1
) and CaCO 3 (142 and 116 g · kg -1 ) of the two batches, these values being always greater in the biochar from the first batch. The greatest difference detected among the two batches was the WDPT value, which was more than 1000 times smaller in the first batch as compared with the second batch.
Substrate characterization
Substrate physical properties. There were significant differences (P < 0.05) in the physical properties of the substrates depending on the proportion of sawdust and biochar they contained (Table 4 ). BD and AFP generally decreased as the proportion of biochar in the substrate mix increased; BD and AFP of the BC100-SD0 substrate were 9% and 14% less than the BC0-SD100 substrate, respectively. In contrast, WHC tended to increase as the proportion of biochar in the mix increased with the WHC of the BC100-SD0 substrate being 20% greater than the BC0-SD100 substrate. In terms of wettability, the BC100-SD0 substrate was considerably more water repellent than the BC0-SD100 substrate, with a WDPT 30-40 times greater. However, all of the substrates containing mixtures of biochar and sawdust were significantly (P < 0.05) less water repellent than either of these substrates.
Substrate chemical properties. There were significant differences (P < 0.05) and consistent trends in the chemical properties that were related to the proportion of sawdust or biochar in the substrate (Table 4) . Before and after the substrates had been leached, all except the 0BC-100SD substrate had a pH > 7. Both the pH and EC of the substrates were greater as the proportion of biochar in the substrate increased. Leaching resulted in a reduction in EC and pH of all substrates, except the 0BC-100SD substrate, but the effect on EC was much greater. Although the EC of the 0BC-100SD substrate decreased in response to leaching, the pH actually increased from being acidic to almost neutral.
Growth trial
Plant growth. Average RGR over the total period that measurements were taken was 0.11 mm · mm
for leaf length, leaf width, and plant height, and 0.06 mm · mm -1 · d -1 for stem diameter (Table 5 ). For the parameters measured, there were no significant (P < 0.05) differences in RGR between plants grown in any of the substrates. This was the case for each of the periods between measurements, and the average for the total period that measurements were taken.
Leaf nutrient content. Leaf N, P, Ca, Fe, and Cu content did not differ significantly (P < 0.05) between plants grown in any of the substrates (Table 6 ). However, K and Mg contents were significantly higher (P < 0.05) in plants grown in the 100BC-0SD substrate compared with the 0BC-100SD substrate. In fact, there was a consistent trend of Mg levels increasing as the proportion of biochar in the substrate increased (Table 6 ). Despite some differences between treatments, the leaf nutrient content of all plants, except for Ca, fell within the typical sufficiency range for tomato plants. The Ca content of leaves from plants grown in all substrates was above the sufficiency range.
Plant biomass production at harvest, fruit yield, and quality. Average total shoot fresh weight ranged between 1460 and 1533 g per plant, stem diameter varied from 13.5 to 14 mm, and vine stem length was between 254 and 261 cm, there being no significant (P < 0.05) differences among treatments (Table 7) . Average number of green fruit per plant ranged from 40 to 44, average ripe fruit number from 23 to 28, average green fruit yield per plant from 1952 and 2209 g, and average ripe fruit yield from 4544 to 5028 g (Table 7) , there being no significant (P < 0.05) differences between treatments in terms of green fruit and ripe fruit number, or green fruit and ripe fruit yield. The TSS content of ripe fruit and occurrence of BER and fruit deformities were measured as Table 5 . Mean relative growth (RGR) rate for leaf length, leaf width, stem diameter and plant height of tomato cv. Alboran RZ plants grown in substrates consisting of various mixtures of pine sawdust (SD) and tomato crop green-waste biochar (BC). Leaf length, leaf width, stem diameter, and plant height were measured every second day for the first 26 d after transplant. The average RGR for this period has been used as there were no significant differences in RGR at any point within this period. indicators of fruit quality. Average TSS content of ripe fruit was 5.0-5.1°Brix and did not vary significantly (P < 0.05) between treatments (Table 7 ). There were some incidences of BER and other fruit deformities, though they were generally limited to less than one affected fruit per plant. However, there was no relationship between the proportion of biochar in the substrate and the frequency that these conditions occurred.
Substrate module analysis
Substrate module VWC. At 89 and 106 d after seedlings were transplanted into the substrate modules VWC ranged from 40% to 60% and was significantly (P < 0.05) higher in the 100BC-0SD substrate compared with the 0BC-100SD substrate (Table 8) . However, on both occasions, VWC of these substrates did not differ from any of the other substrates. This was also the case for the average VWC over the period that measurements were taken, which was 39% to 49% depending on substrate. At 102 and 110 d after transplant, VWC did not vary significantly (P < 0.05) between any of the substrates (Table 8) . At 102 d after transplant, VWC was 13% to 17%, which was very low relative to the other days measurements were taken.
Substrate module solution pH. As expected, there was a strong trend indicating that the pH of substrate solution was higher in the substrates containing greater proportions of biochar (Table 9 ). Throughout the production period, the pH of the substrate solution in the 100BC-0SD modules was significantly (P < 0.05) higher than in the 0BC-100SD modules. On the day of transplant, the pH of the solution in the 100BC-0SD modules was 10.6 compared with 6.5 in the 0BC-100SD substrate. However, overtime, the difference in pH between substrates was reduced, and by 110 d after transplant the pH of the solution in the 100BC-0SD and 0BC-100SD substrates was 6.8 and 6.2, respectively (Table 9) . Overall, the pH of substrate solution in all modules decreased, but in the first 14 d after transplant the pH of the solution in the 25BC-75SD and 0BC-100SD substrates slightly increased (from 7.6 to 7.9, and 6.5 to 7.8, respectively). From this point onwards, the pH of the solution in these substrates decreased. Generally, the pH of solution extracted from all substrates was higher than the pH of the fertigation solution throughout the growth period. The only exception being the solution from the 0BC-100SD substrate on the day seedlings were transplanted.
Substrate module solution EC. For the majority of the growth period, there was a trend indicating that substrate solution EC increased in substrates containing greater proportions of biochar (Table 10) . From day 7 to 69 after transplant, the EC of the substrate solution in the 100BC-0SD modules was significantly (P < 0.05) higher than that in the 0BC-100SD modules. Seven days after transplant, the EC of the substrate solution in the 100BC-0SD modules was 3.4 mS · cm -1 compared with 1.7 mS · cm -1 in the 0BC-100SD modules. This difference had reduced by 69 d after transplant, at which point the EC of the solution in the 100BC-0SD and 0BC-100SD substrates was 3.6 and 2.9 mS · cm -1 , respectively. The EC of the solution extracted from the 100BC-0SD modules was also significantly (P < 0.05) higher than the EC of the fertigation solution on a number of occasions (Table 10 ). The EC of solution extracted from all other substrates was lower, or did not differ significantly (P < 0.05), from that of the fertigation solution on all occasions except 14 d after transplant.
Substrate module of solution available nutrient content. Soluble nutrient content of solution extracted from the substrate modules was measured 14 d after transplant. At this time, there were significant (P < 0.05) differences in the concentration of individual nutrients in solution extracted from each of the substrates (Table 11) . Levels of NO 3 -N and K tended to increase as the proportion of biochar contained in the substrates increased. Average NO 3 -N concentration was two times, and K concentration was almost three times higher in solution from the 100BC-0SD substrate compared with the 0BC-100SD substrate. Mg concentration was between Table 7 . Mean shoot fresh weight, stem diameter, stem length, mean green fruit number, ripe fruit number, green fruit yield, ripe fruit yield, mean total soluble solids (TSS) content of ripe fruit, number of fruit affected by blossom end rot (BER), and number of fruit displaying deformed development for of tomato cv. Alboran RZ plants grown in substrates consisting of various mixtures of pine sawdust (SD) and tomato crop green-waste biochar (BC , depending on the substrate, and also tended to increase as the proportion of biochar in the substrate increased, though the concentration in the 100BC-0SD substrate was amongst the lowest. Fe concentration was nearly 600 times higher in solution extracted from the 0BC-100SD compared with the 100BC-0SD substrate, and was significantly higher (P < 0.05) in the 0BC-100SD substrate compared with all substrates containing biochar. Ca concentration ranged from 20.5 to 97.9 mg · mL -1 , depending on substrate, and there were significant (P < 0.05) differences between substrates (Table 11) . However, there were no consistent trends relating this difference to the proportion of biochar in the substrate. Though there were no significant (P < 0.05) differences between substrates, average DIP concentration was 6.2 times higher in the 100BC-0SD compared with the 0BC-100SD and there was a consistent trend of mean DIP concentration increasing with increasing proportions of biochar in the substrate.
There were a number of significant (P < 0.05) differences between the soluble nutrient content of the fertigation solution and the solution extracted from the various substrates (Table 11 ). NO 3 -N concentration was significantly (P < 0.05) lower in the 25BC-75SD and 0BC-100SD substrates and K concentration was higher in the 75BC-25SD and 100BC-0SD substrates relative to the fertigation solution. Ca concentration of the fertigation solution was significantly (P < 0.05) higher than the solution extracted from all substrates, but Mg concentration of the fertigation solution was significantly (P < 0.05) lower than solution from the 75BC-25SD and 50BC-50SD substrates. Fe concentration of the fertigation solution was significantly (P < 0.05) higher than solution from all except the 0BC-100SD substrate (Table 11 ). There were no significant differences (P < 0.05) in the DIP concentration of the fertigation solution and solution extracted from any of the substrates.
Soluble nutrient content of solution extracted from the substrate modules was again measured 69 d after transplant. Significant differences (P < 0.05) between the substrates also existed at this time (Table 12) . NO 3 -N concentration of solution was significantly (P < 0.05) higher in the 100BC-0SD substrate compared with all other substrates, except the 75BC-25SD modules, and was 43% higher than the 0BC-100SD substrate. Fe concentration was at least twice as high in the 0BC-100SD substrate compared with all other substrates. DIP, which was more than two times higher in the 0BC-100SD substrate compared with the 100BC-0SD substrate, decreased as the proportion of biochar in the substrates increased. Mg concentration was almost 80% higher in the 100BC-0SD substrate compared with the 50BC-50SD, but Mg concentration in these substrates did not vary significantly (P < 0.05) from any other substrate (Table 12 ). There was no significant difference (P < 0.05) in either Ca or K concentrations amongst the substrates.
There were significant (P < 0.05) differences between the soluble nutrient content of the fertigation solution and the solution extracted from the various substrates 69 d after transplant (Table 12) . NO 3 -N concentration was significantly (P < 0.05) higher in the fertigation solution compared with all substrates except the 100BC-0SD and 75BC-25SD modules. Fe concentration was significantly (P < 0.05) higher in the fertigation solution relative to all substrates except the 0BC-100SD modules. DIP concentration was at least 54% higher in the fertigation solution compared with all substrates. K, Ca, and Mg concentrations did not differ significantly (P < 0.05) between the fertigation solution and any of the substrates.
The concentrations of individual soluble nutrients contained in the substrate solution and the fertigation solution obtained on the 14th d after transplant differed from that obtained 69 d after transplant (Tables 11 and 12 ). NO 3 -N, DIP, Ca, and Fe concentrations had increased between the 14th and 69th d after transplant. K concentration was higher in the 25BC-75SD and 0BC-100SD substrates but lower in all other substrates when the second solution extraction was conducted. Mg concentration in the 75BC-25SD and 50BC-50SD substrates decreased, but increased in all other substrates between the first and second solution extractions. The concentration of NO 3 -N, DIP, K, Mg, and Fe in the fertigation solution was considerably higher 69 d after transplant compared with 14 d after transplant, whereas the concentration of Ca was lower.
Some trends relating soluble nutrient content in substrate solution to the proportion of biochar contained in the substrates also differed between the 14th and 69th d after transplant (Tables 9 and 10 ). Fourteen day after transplant, K, Mg, and DIP concentrations increased with increasing proportions of biochar in the substrate, but this trend was not apparent in regard to K or Mg and had reversed for DIP by the 69th d after transplant. The trend of increasing NO 3 -N with increased proportions of biochar in the substrate, that was present 14 d after transplant, remained at the time of the second extraction. So had the trend of all substrates containing biochar having a lower Fe concentration than the 0BC-100SD substrate (Tables 9 and 10 ). The lack of an apparent trend relating to Ca concentration and the proportion of biochar in the substrate was consistent both times that extractions were conducted.
Discussion
Biochar characterization. The properties of biochar produced from tomato crop green waste were generally as would be expected based on the literature. Total biochar yield was comparable to that obtained from a range of materials produced at similar temperatures including nut shells, wood wastes, and poultry litter (Calvelo Pereira et al., 2011; Kinney et al., 2012; Novak et al., 2009 ). C total , C fixed , N total , and ash content of tomato crop green waste biochar fell between what is typical of biochars made from woody plant materials, and those made from animal manures and biosolids (Calvelo Pereira et al., 2011; Novak et al., 2009; Singh et al., 2010; Wang et al., 2012) .
The pH of tomato crop green-waste biochar was higher than that of biochar produced from other similar forms of green waste (pepper; grass clippings, plant prunings), and was much more similar to that of biochar derived from manures (Chan et al., 2008; Harel et al., 2012; Singh et al., 2010; Wang et al., 2012) . In addition, K content was between 20 and 40 times greater than that of biochar derived from eucalyptus wood, and twice that found in cow manure and poultry litter biochar produced at the same temperature (Singh et al., 2010) . FA-P content of tomato crop green-waste biochar was also about twice that found in cow manure biochar (Wang et al., 2012) . The high FA-P content of tomato crop green-waste biochar would suggest that there is potential to exploit the biochar as a source of P. According to WDPT categories used for evaluation of soil, the biochar produced from our first batch would be considered hydrophilic (Bisdom et al., 1993) ; this would not be the case for the second batch. The presence of incompletely carbonized material, such as tomato oils remaining in the biochar, most probably contributed to this hydrophobicity. However, as discussed below, this hydrophobicity was overcome when mixing biochar with sawdust.
Substrate characterization. Physical analysis of the substrates containing, or consisting entirely of, biochar produced from tomato crop green waste, indicated that for most measured properties they are suitable material for soilless, hydroponic tomato production. Both WHC and AFP of all substrates meet Australian Standards for potting mixes and these properties, as well as BD, fell within a range that would be considered normal for soilless substrates (Australian Standards International, 2003; Blok et al., 2008) . Usually, lower BD is accompanied by higher TP, but the results of this experiment indicate that both BD and TP (WHC + AFP) of the 100BC-0SD substrate were lower than the 0BC-100SD substrate (Blok et al., 2008) . Because WHC and AFP are calculated based on the quantity of water absorbed by the substrate after saturation, if pores are strongly hydrophobic, they will not absorb water, and as a result both WHC and AFP may be understated (Raviv et al., 2002) . Owing to the highly hydrophobic nature of the biochar used in the substrates this is very likely, despite the substrates being saturated for a much longer period than is recommended for the method used (Australian Standards International, 2003) .
The highly porous nature of biochar (Atkinson et al., 2010; Downie et al., 2009) combined with the large proportion of very fine particles contained in the tomato crop green-waste biochar may explain why the WHC of the 100BC-0SD substrate was higher than the WHC of the 0BC-100SD substrate. However, if the biochar contains a large proportion of micropores with strong capillary action a considerable proportion of the water held in the substrate after draining may not be available to plants (Herath et al., 2013) . More research is required to evaluate the pore size distribution of biochar produced from tomato crop green waste and to establish the easily available water (EAW) content of substrates that contain this material. A potential advantage of biochar as a substrate is that water-holding and aeration characteristics can be manipulated relatively easily. The potential to manipulate biochar physical characteristics through grading particles sizes and/or pelletising to improve the suitability of such a material for use as a soilless substrate should not be disregarded.
All substrates had good wettability characteristics except the 100BC-0SD substrate. The poor carbonization of the second batch of biochar contributed to this effect. Though the WDPT test was used to evaluate wettability, instead of the Australian Standards method, it is very unlikely that the 100BC-0SD substrate would have met the requirements for potting mixes (Australian Standards International, 2003) . It is interesting that the substrates containing mixes of biochar and sawdust were so much less hydrophobic than the 100BC-0SD substrate, and were also slightly less hydrophobic than the 0BC-100SD substrate. Further research is required to understand the mechanisms behind this result.
Chemical analysis of the substrates showed that although biochar has a very high natural EC, and none of the biocharcontaining substrates met the Australian Standards for potting mixes (Australian Standards International, 2003) , this can be effectively lowered by leaching with water. In fact, after leaching, the EC of all substrates was below 0.5 mS · cm -1 and could be considered to be acceptable for use as a soilless, hydroponic substrate. Moreover, it may be possible to capture, with the intention of recycling, a substantial quantity of nutrient salts during this leaching pretreatment.
The high pH of substrates containing biochar is a significant concern regarding its use as a soilless substrate. Though the pH values of all substrates containing biochar was slightly reduced after leaching, the pH of these substrates remained >7, thus above the range of 5.3-6.5 required to meet Australian Standards for potting mixes (Australian Standards International, 2003) . This was also the case for the 0BC-100SD substrate. The pH of this substrate actually increased after leaching, and is most likely due to the removal of soluble organic acids from the sawdust during leaching (Macdonald and Dunn, 1953; Weil et al., 1997) . It has been demonstrated that pretreating substrate materials, by washing with an acid solution before use, will lower pH and therefore improve the suitability of materials with high pH for use as soilless substrates (Blok et al., 2011; Urrestarazu et al., 2003) . The feasibility of doing this at the greenhouse scale with biochar substrates should be investigated.
Plant growth performance. Results indicate that biochar produced from tomato crop green waste performs as well as pine sawdust as a substrate for soilless, hydroponic tomato production. The lack of significant differences between substrates for the plant growth, yield, and fruit quality indicators, despite the considerable differences in the pH of the solution extracted from the different substrates was unexpected. On the day of transplant, the pH of the solution extracted from the 100BC-0SD substrate was >10, and remained >9 until 35 d after transplant. Over the same period, the pH of the 0BC-100SD substrate solution ranged from 6.5 to 7.8. Dy sko et al. (2008 Dy sko et al. ( , 2009 ) observed, working with tomato crops grown in fertigated soilless substrates (with no specific nutrient management to account for high pH), that increasing the pH of the nutrient solution from 5.5 to 6.5 results in a 13% reduction in yield as well as decreased leaf tissue P content, and available P concentration in substrate solution. In contrast, Islam et al. (1980) found no differences in growth or biomass production between tomato plants grown at a pH of 5.5 or 8.5 when produced in a nutrient flow system, with no specific nutrient management to account for high pH. It was also found that compared with those grown at pH of 5.5, tomato shoot tissue of plants grown at a pH of 8.5 had increased Mg, K, and N, but decreased P content, while Fe levels were similar (Islam et al., 1980) , which correlates well with our results. Fe underwent a rather drastic drop in nutrient concentration, as compared with the 0BC-100SD treatment. However, there were no differences between substrates in terms of leaf tissue Fe among treatments. It is possible that the fertigation regime used in the main growth trial provided enough nutrients to overcome any reduction in availability occurring due to high pH of the substrates. However, there are few contemporary studies exploring the effects of high pH on plant growth in modern fertigated soilless culture, particular with pH values as high as 10. As far as is known, this is one of the first studies, which has investigated the effect of such high pH in a system that uses biochar as a substrate material. It is not yet clear if there is a specific effect of biochar that prevents growth inhibition at high pH, or an alternative mechanism is responsible. Certainly, any reliable growth modification response mediated by biochar could be a valuable agronomic tool, provided such responses could be standardized according to biochar feedstocks of course.
The only visible sign of any nutrientrelated issues during the main growth trial was limited occurrence of BER, which is related to Ca supply (Morgan, 2008) . However, Ca content of leaf tissue harvested 42 d after transplant did not vary significantly between substrates. This was despite Ca concentration of the solution extracted from the 100BC-0SD substrate 14 d after transplant being nine times lower than the fertigation solution. BER affected less than 1% of the crop and the frequency at which it occurred could not be related to the proportion of biochar in the substrate. Furthermore, BER is a complicated condition and cannot be solely attributed to Ca concentration in substrate solution (Ho and White, 2005) . Conducting leaf tissue and fruit nutrient content analysis at a later stage of the crop growth period to investigate whether any differences in nutrient content or partitioning develop later in the crop cycle would be worthwhile in future research.
The only confirmed differences in plant growth that could be attributed to the proportion of biochar contained in the substrate were the higher K and Mg content of leaf tissue samples collected 42 d after transplant from plants grown in biochar relative to those grown in sawdust. The results suggest that K and Mg not leached from the biochar during pretreatment resulted in higher K and Mg concentration in the substrate solution of modules containing high proportions of biochar. This is supported by analysis of the substrate solution extracted 15 d after transplant and may explain the higher EC of solution extracted from modules with increased proportions of biochar 35 d after transplant. Increased concentrations of K and Mg in nutrient solution are known to result in greater plant uptake of these minerals (Pujos and Morard, 1997) . Though K-Mg antagonism is recognized as an issue in a number of crops, it has been found that the concentration of either element in tomato leaves increases in response to increased concentration of that element even when of the concentration of the other element is increased (Kabu and Toop, 1970; Pujos and Morard, 1997) . K-Ca antagonism has also been identified as a problem in some crops, but it has been shown that Ca content of tomato leaves is unaffected by increased K supply (Pujos and Morard, 1997) , which is supported by the results of this growth trial.
Substrate module analysis. Overall, results from the analysis of substrate module VWC confirmed that the tomato crop greenwaste biochar had a higher WHC than the sawdust. The very low VWC of all substrate modules 102 d after transplant was the result of poor fertigation management. The pH of all the substrate modules containing biochar decreased considerably over the course of the main growth trial. By the end of the growth trial, the pH of all except the 100BC-0SD and the 75BC-25SD substrates were within the range that meets the Australian Standards for potting mixes (Australian Standards International, 2003) . However, at no time was pH close to what would normally be considered ideal for tomato production (Morgan, 2008) . The rate at which the pH of the substrate solutions decreased did not change substantially after the pH of the fertigation solution was managed so that it remained <6. This brings in to question how effective this method was at modifying substrate solution pH. The pH of the substrates containing $75% sawdust increased over the first 2 weeks, which is most likely due to leaching of soluble organic acids in the sawdust that were not rinsed during pretreatment (Macdonald and Dunn, 1953; Weil et al., 1997) .
Throughout the main growth trial, the EC of the solution extracted from substrates generally increased as the proportion of biochar contained in the substrate increased. In addition, except on the day of transplant, the EC of the 100BC-0SD substrate solution was higher than that of the fertigation solution on the every occasion that measurements were taken over the first 21 d after transplant. High substrate solution EC relative to fertigation solution EC has been observed with other substrate materials, and is often due to poor flushing of excess nutrients from substrates through inadequate fertigation applications (Komosa et al., 2009) . It is possible that the greater WHC of the biochar, relative to the sawdust, may have resulted in reduced drainage from substrate modules containing biochar. As a consequence, excess nutrient salts would have been less effectively leached from the substrates that contained biochar. It is also possible that during the initial stages of the growth period, the high soluble salt content and hydrophobic nature of the biochar were contributing factors. If biochar particles were not yet thoroughly wetted, this may have resulted in additional salts being dissolved into substrate solution, as increasing proportions of the biochar became wet. Though these mechanisms would be antagonistic to some degree, it is possible that both occurred simultaneously. The issue of high solution EC in substrates produced from tomato crop green-waste biochar could be overcome by 1) producing biochar with better wettability characteristics, 2) refining the pretreatment process to ensure all soluble salts are removed, 3) tailoring the fertigation program to better suit the water-holding characteristics of the biochar substrate, and 4) diluting the fraction of tomato green waste of the feedstock with a woody green waste.
Inadequate leaching of nutrient salts is also the most likely reason for the very high EC of the solutions extracted from all substrates 110 d after transplant. Poor irrigation management in the final stages of the main growth trial led to very low VWC, as seen 102 d after transplant. This would have caused a large accumulation of soluble salts in all substrates. These salts were not thoroughly leached from the substrates over the course of subsequent fertigation applications.
Despite the lack of effects on plant growth, there were considerable differences in the concentrations of individual nutrients contained in solution extracted from each of the substrates. NO 3 -N concentration of solution extracted from the substrates containing $50% sawdust was lower than the fertigation solution on both occasions that it was measured. This is commonly observed with organic substrates, and is the result of N-immobilization from biological decomposition (Morgan and Lennard, 2008) . This is also the likely cause of the lower EC of the 0BC-100SD substrate solution relative to the fertigation solution that occurred for most of the growth trial. As previously mentioned, biochar was most likely contributing K and Mg during the early stages of the growth trial, and causing reduced Fe concentration throughout the entire growth trial. Sixty nine d after transplant the biochar was also causing a reduction in P concentration, which is likely to be an effect of high pH (Adams, 1986) . However, 14 d after transplant, P concentration increased with increasing proportion of biochar in the substrate, despite the high pH. This may be explained if the biochar was contributing significant quantities of P to substrate solution during the early period of the growth trial, which is feasible given the high available P content of the biochar, as revealed by the formic acid extraction.
Conclusions and Implications for Food Production
The findings from this research indicate that biochar produced from tomato crop green waste is suitable for use as a substrate for soilless, hydroponic tomato production. Tomatoes grown in substrates containing, or consisting entirely of biochar do not differ significantly in terms of growth, yield, or fruit quality to those grown in pine sawdust, a substrate that is currently used for commercial tomato production. The only differences observed between plants grown in sawdust and biochar substrates were increased K and Mg concentrations found in the leaf tissue of plants grown in substrates containing higher proportions of biochar. This is most likely due to the presence of residual nutrient salts HORTSCIENCE VOL. 50(10) OCTOBER 2015 in the biochar. Results from our study also indicate that many of the relevant properties of substrates containing, or consisting entirely of biochar produced from tomato crop green waste represent potentially valuable characteristics of a hydroponic substrate. Water-holding and aeration characteristics were acceptable and there is further potential to optimize these through processing and grading. The EC of substrates containing, or consisting entirely of biochar was easily reduced to an acceptable level by rinsing with water before use, and there is potential to capture and recycle nutrients flushed during this process. Although more research is required, the high pH of substrates containing biochar did not affect any of the plant growth, yield, and fruit quality indicators that were measured during this trial.
The results of our study support the concept of creating a closed loop system whereby biochar produced from tomato crop green waste is used as a substrate for soilless, hydroponic tomato production. Furthermore, indications are that it would be relatively easy to integrate such a concept into certain existing commercial production systems. The utilization of biochar produced from tomato crop green waste as a soilless substrate could have considerable advantages for greenhouse tomato growers. Turning tomato crop green waste to biochar would divert 10-60 t · ha -1 of green waste away from land fill each crop cycle. If the assumption is made that the green-waste biochar is produced at 550°C, it would meet 13% to 50% of the grower's substrate requirements, on a per hectare basis. Pyrolysis of green waste could result in excess energy, in the form of syngas and biooil, which can be used to supplement glasshouse energy requirements. This could be done by either capturing and storing the fuel, or burning it during pyrolysis and storing the energy in the heat storage tanks that are commonly a component of greenhouse heating systems (Nederhoff and Houter, 2007) . In addition, if biochar is incorporated into the C market, the stable C fraction could be eligible for C credits. Combined with the decreased emissions that will result from using the fuel produced during pyrolysis, this is likely to represent a considerable reduction in the C footprint associated with glasshouse tomato production. After biochar has been used as a substrate, the residual agronomic value could be exploited by other agricultural sectors as a soil amendment, or as a raw material for composts or potting mixes. However, a thorough analysis of the economic and practical feasibility of such a concept is required at this time, as well as a life cycle analysis (LCA) so that the environmental impact associated with the production, use, and disposal of biochar substrates is compared with regular substrates such as coco coir or rockwool. Finally, foodstuffs produced on a biochar substrate composed of production components such as polypropylene string will require food safety and acceptability assessments. Future attention is also needed regarding how pyrolysis technology can be best incorporated into glasshouse production systems to maximize the financial and environmental benefits that can be obtained.
